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COMPATIBILITY OF MOLTEN URANIUM DIOXIDE WITH 

FIVE REFRACTOIIY MATERIALS 

By W i l l i a m  A. Sanders and I sadore  L. D r e l l  

An i n v e s t i g a t i o n  of t h e  compa t ib i l i t y  of molten uranium dioxide  
wi th  tungsten,  tantalum, tantalum dibor ide ,  tantalum carbide,  and 
hafnium carb ide  w a s  conducted t o  i n d i c a t e  combinations t h a t  may be 
u s e f u l  i n  nuc1ea.r r e a c t o r s  t h a t  are t o  opera te  a t  temperatures above 
t h e  melt ing po in t  of uranium dioxide,  5000° F. The evalua. t ions were 
conducted a t  a t e s t  temperature of 5220° F f o r  a per iod  of 15 minutes 
i n  a. h igh-pur i ty  argon atmosphere. One compa t ib i l i t y  t e s t  of molten 
uranium dioxide  wi th  tungs ten  w a s  conducted a.t 5500' F. 
performed wi th  t h e  r e f r a c t o r y  material i n  t h e  form of a c r u c i b l e  t h a t  
contained a uranium dioxide  charge. Crucible  c ros s  s e c t i o n s  were 
s tud ied  af ter  t e s t i n g ,  and t h e  degree of r e a c t i o n  between uranium diox- 
i d e  and t h e  var ious  c r u c i b l e  ma. ter ia ls  wa.s judged by t h e  use of X-ray 
d i f f r a c t i o n  ana lys i s ,  metal lographic  examination, microhardness meas- 
urements, a.nd electron-beam microanalysis .  

The t e s t s  were 

All f i v e  materials r eac t ed  wi th  molten uranium dioxide  at t h e  t e s t  
temperature  of  5220° F. 
s l i g h t  even a t  5500° F. 
b u t  s i m i l a r  i n  na tu re  t o  t h a t  involving tungsten.  For the  tantalum 
d ibor ide  and tantalum carb ide  materials, r e a c t i o n s  took p lace  t h a t  con- 
sumed t h e  e n t i r e  uranium dioxide  charge. For hafnium carb ide ,  a reac- 
t i o n  occurred p a r t l y  because of a boron impuri ty  i n  t h e  carbide.  

For tungsten,  t h e  ex ten t  of r e a c t i o n  w a s  
For tantalum, t h e  r e a c t i o n  was grea , te r  than  

INTRODUCTION 

New cons t ruc t ion  mater ia . ls  a r e  needed for t h e  extremely high t e m -  
These high t e m -  pera , tures  ob ta inab le  i n  nuc lear - reac tor  hea t  sources.  

pe ra tu re s  a r e  necessary t o  inc rease  t h e  power output  of nuc lear  r e a c t o r s  
proposed f o r  rocke ts ,  ramjet  and t u r b o j e t  engines,  and e l e c t r i c a l  power- 
pla.nts.  
f o r  such high-temperature use. The r e a c t o r  hea t  source could c o n s i s t  

The r e f r a c t o r y  metals and r e f r a c t o r y  compounds have p o t e n t i a l  
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of uranium dioxide (U02) dispersed in a refractory material tha.t pro- 
vides strength and the required heat-transfer area. 
5000° F, the U02 would be in the molten state a.nd should not react with 
the refractory material if the heat source is to retain its integrity 
and the reactor is to function properly. 

For operation above 

Since thermodynamic and phase-dia-gram data are insufficient to 
predict the compatibility of the refra.ctory materials and U02 a,t high 
temperatures, this research was undertaken. The type of compatibility 
of concern herein is defined as that state which enables the molten UOz 
and the refractory material to exist in contact with one another without 
chemical or metallurgical interaction. Low melting or gaseous phases 
or large volume changes resulting from reactions would be detrimenta.1 
to reactor operations; however, some reactions in which a new phase is 
formed may not necessarily preclude the use of a particular material. 

The work described herein was undertaken as an extension of a pre- 
vious investigation (ref. 1) in which the compatibility of U02 with 
30 refractory metals, carbides, borides, nitrides, and oxides between 
3500' and 5000' F was determined. On the basis of the results of tha.t 
investigation, the more promising materials were selected for the pres- 
ent study. 

For this work the following materials were chosen for evaluation 
with molten U02 : 
( TaB2), tantalum carbide (TaC) , and ha.fnium carbide (HfC). 
pounds TaB2 a.nd TaC were included in this study because their degree of 
reaction with U02 up to 5000° F was slight. 
was reported as being compatible with U02 a.t 5000° F, it wa.s not in- 
cluded in the present study because both the nitride and the UO2 exhib- 
ited very high weight losses at their interfa.ces at 5000' F. 

tungsten (W), tanta.lum (Ta), tantalum diboride 
The com- 

Although tantalum nitride 

The five refractory materials were used in the form of high-density 
crucibles to determine their compatibility with a molten UO2 charge. 
Crucible cross sections were studied by various physical means: X-ray 
diffraction, metallographic examina,tion, microhardness measurements, 
and electron-beam microanalyses. The electron-beam a.nalyses were per- 
formed by the Advanced Metals Research Corporation, Somerville, 
Massachusetts. A brief description of this method is presented in the 
appendix. 

The compatibility tests were conducted at 5220° F for a period of 
15 minutes in a. high-purity argon a.tmosphere. For each ma.teria.1, two 
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identical runs were made. 
time. For tungsten, one test was conducted at 5500' F. 

A new crucible and U02 charge were used each 

MATERIALS 

Chemical, spectrographic, and X-ray diffraction analyses on the 
U02 and crucible materials are given in table I. Also given are the 
values from the literature for the lattice parameters and the melting 
points. While the materials were of the highest purity commercially 
available, it is recognized that higher purity materials might give 
slightly different results. 

Knoop microhardness measurements were made on all the crucibles 
The average values of ten microhardness readings and 3n a U02 disk. 

are given in table 11. In order that the hardness impressions be con- 
fined to a single grain, use of different loads was necessary because 
of the variance in grain size and ha.rdness of the different materials. 

Uranium Dioxide 

The U02 material used in this investigation was produced in disk 

The disks were l/E inch in diameter, 1/4 inch thick, and had 
form by the supplier with uranium trioxide (U03) as the starting mate- 
rial. 
94 percent theoretical density. These disks were fragmented to provide 
the small pieces needed for the crucible charges. 

Crucibles 

The crucibles were made from 1/2- by 1/2- by 3/8-inch thick blocks 
(W, Ta) or 5/8-inch-diameter by 3/8-inch-thick cylinders (TaB2, TaC, 
and HfC) and had 1/4-inch-deep cavities with threaded walls. 
provided a sensitive area for detecting reaction with the molten U02. 
Electric-discharge machining was employed for the cavitation and the 
threading of the crucibles. The blocks were cut from bar stock, and 
the cylinder blanks were produced by hot pressing the finely powdered 
materials in graphite dies. The hot-pressing procedure was the same as 
that employed in reference 2 except that two-way load application was 
used. Figure 1 shows a tantalum cruci-ble loaded with U02. Table 111 
gives the densities of the crucibles, the particle size of the hot- 
pressed powders, and the hot-pressing conditions employed. 

The threads 
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APPARATUS 

Figure  2 shows t h e  furna.ce used t o  hea.t t h e  c ruc ib l e s  f o r  t h e  com- 
p a t i b i l i t y  study. 
9600-cycle-per-second motor generator .  

The furna.ce i s  hea.ted induc t ive ly  by a. 50-kilowa.tt 
The induct ion  c o i l  i s  r ad ia . l l y  
I and a x i a l l y  centered  between a.n o u t e r  (&-in. d i m .  ) Pyrex tube  and a.n 2 

1. i n n e r  (>- in .  d i m . )  fused  quar tz  tube  t h a t  Toms t h e  furnace  chamber. 2 
Cooling water  i s  c i r c u l a t e d  wi th in  t h e  induct ion  c o i l  and through t h e  
annular  passage between the tubes.  

The furnace i s  mounted on a.nd supported by a 4-inch o i l - d i f f u s i o n  
pump backed by a mecha.nica.1 pump. The cha,mber pressure  i s  indica. ted 
by two gages, one f o r  t h e  range of 0 t o  25  microns, and t h e  o t h e r  f o r  
t h e  ra.nge from 0 t o  800 mi l l imeters  of mercury. 

Because vapors and f i l m s  depos i ted  on t h e  prism f a c e  ( i n  s p i t e  of 
t h e  prism cover) would i n t e r f e r e  with o p t i c a l  pyrometer readings,  t h e  
specimen temperature  during t h e  t e s t  was  e s t ab l i shed  by ca.refu1 c a l i -  
bra . t ion of t h e  c o i l  volta.ge aga ins t  furnace temperature.  The fol lowing 
s t e p s  were used t o  make t h i s  c a l i b r a t i o n :  

(1) The o p t i c a l  pyrometer a.nd prism assembly was c a l i b r a t e d  
a.gainst  a. Nat ional  Burea.u of Standa.rds c e r t i f i e d  s tandard  lamp. 

( 2 )  A curve of temperature  aga ins t  power w a s  made by s i g h t i n g  on 
a tungs ten  specimen placed i n  t h e  t e s t  pos i t ion .  
blackbody condi t ions.  Tungsten w a s  used because it has low v o l a t i l i t y .  

The specimen approa,ched 

(3)  The ca . l i b ra t ion  wa.s checked i n  t h e  furnace  a.ga.inst t h e  melt ing 
p o i n t s  of columbium (4474O F, r e f .  3, p. 346), molybdenum (4710O F, 
r e f .  4 ,  p. 355), zirconium dioxide  (4870' F, r e f .  4, p. 356),  ura.nium 
dioxide  ( 5 0 0 0 O  F, ref. 5 ) ,  a.nd tantalum (5430O F, r e f .  4, p. 355). 
These checks substa .nt ia . ted t h e  b e l i e f  t h a t  t h e  temperature  was accu ra t e  
wi th in  t50° F. 

The t e s t  temperature  employed, 5220' F, wa.s d i c t a t e d  by furnace 
l i f e ,  s i n c e  o p e m t i o n  a.t -tempera.tures a.bove t h i s  po in t  r e s u l t e d  i n  
excessive vaporiza.t ion of t h e  b e r y l l i a .  rad ia . t ion  s h i e l d  holders  a.nd 
subsequent movement of t h e  tungs ten  ra.dia.t ion sh ie lds .  
t h e  program, however, one run at 5500' F wa.s made on a . t u n g s t e n  c ruc ib l e  
with a U02 charge. 

A t  t h e  end of 
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PROCEDURE 

From t h e  previous i n v e s t i g a t i o n  (ref.  1) it wa.s known tha . t  t h e  
evaporat ion r a t e  of U02 at h igh  temperature i n  vacuum wa.s such t h a t  a 
s m a l l  sample would be l o s t  before  i t s  melt ing po in t  w a s  reached. There- 
fo re ,  f o r  t h i s  study, use  of an i n e r t  ga.s b lanket  w a s  necessary t o  
suppress  t h e  vapor iza t ion  of U02. Since t h e  furnace was o r i g i n a l l y  
designed f o r  vacuum work, it w a s  necessary t h a t  i n e r t  gas pressures  
above atmospheric p re s su re  be avoided. A s t a r t i n g  s t a t i c  argon p res su re  
of 400 millimeters of  mercury and a time of 15 minutes were t h e  t e s t  
condi t ions  e s t a b l i s h e d  by a fewbpreliminary furnace runs. Tungsten 
c r u c i b l e s  wi th  U02 charges were used t o  a s c e r t a i n  t h a t  a t  5220° F f o r  
15 minutes t h e  p re s su re  rose  t o  l e s s  t han  600 mi l l ime te r s  when s t a r t i n g  
with a s t a t i c  argon p res su re  of 400 mi l l imeters  of mercury and t h a t  
l e s s  t han  h a l f  t h e  U02 charge was l o s t  because of evaporation. 

For t h e  t e s t s  proper ,  a c r u c i b l e  of t h e  t e s t  ma te r i a l  conta in ing  
approximately 1 gram of U02 fragments was placed on a tungs ten  o r  
t h o r i a  platform wi th in  t h e  1-inch-diameter tungs ten  r e a c t i o n  cup. 
Thoria  platforms were used f o r  t h e  two carb ides  and t h e  d ibo r ide  s i n c e  
t h e s e  compounds would r e a c t  with tungsten,  as discovered i n  previous 
work a t  t h i s  Center.  After t h e  cup w a s  placed i n  t h e  furnace,  t h e  
furnace  w a s  evacuated t o  about ZX10m5 mi l l imeter  of mercury and blanked 
of f .  
furnace  u n t i l  a s t a t i c  p re s su re  of 400 mi l l imeters  of mercury w a s  
a t t a ined .  

A t  t h i s  po in t ,  h igh-pur i ty  argon (99.995 percent )  wa.s b l ed  i n t o  t h e  

The furnace wa.s brought t o  t e s t  temperature  i n  a per iod  of about 
45 minutes. The p res su re  w a s  c lose ly  wa.tched during t h i s  per iod  for 
abrupt  changes t h a t  might i n d i c a t e  r e a c t i o n  bu t  none were noted. When 
t h e  vo l t age  s e t t i n g  corresponded t o  t h e  t e s t  temperature  of 5220' F, 
t h e  power was he ld  cons tan t  for a period of 1 6  minutes. The furnace  
tempera.ture s t a b i l i z e d  wi th in  1 minute, and t h e  actua.1 t ime at t h e  
t e s t  tempemture  wa.s 15 minutes. Pressure  observa.tions a.s w e l l  as 
g ross  temperature  readings were a.lso made during t h i s  15-minute period. 
A t  i t s  conclusion t h e  power w a s  decreased over a per iod  of 45 minutes, 
which wa.s t h e  same r a t e  a.s t h a t  followed i n  t h e  hea t ing  cycle.  

The c ruc ib l e s  were sec t ioned  v e r t i c a l l y  a , f t e r  t h e  t e s t ,  and both 
ha lves  were mounted i n  b a k e l i t e  so t h a t  t h e  c ros s  sec t ions  could be 
ground and pol ished.  F igure  3 shows a. c ros s  s e c t i o n  of a tungs ten  
{crucible  and i t s  U02 contents .  

A f t e r  surfa.ce prepara,t ion,  t h e  c ross  sec t ions  were examined under 
t h e  m e t a l l u r g i c a l  microscope i n  both unetched and etched condi t ions.  
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Photomicrographs were taken of regions where reactions had occurred, 
and these areas were subsequently investigated by means of X-ray dif- 
fraction analyses, microhardness measurements, and electron-bea,m micro- 
analyses (see a.ppendix). 
the entire cross sections. 

X-ray diffraction analyses were also made of 

A microhardness tester with a Knoop diamond indenter was used to 
measure the hardness of parent U02, parent crucible materials and also 
any new phases present. The average values of ten readings were used 
in making comparisons. Since Knoop hardness number depends on the load 
employed (ref. 6), only hardness results obtained under the same load 
can be compared. 

EiESULTS AND DISCUSSION 

Tungsten 

X-ray diffmction analyses of the crucible cross sections did not 
indicate the presence of any new phases, but an X-ray scan of the Ua2 
meniscus surface showed metallic tungsten to be present in addition to 
the U02. 
methods indicate that molten U02 does react with tungsten at the test 
temperature of 5220° F. 

This result and the results of the aforementioned physical 

Figure 4 is a photomicrograph of a. cross-sectional segment of the 
U02 meniscus. 
imately 0.001 inch thick. This layer consists of two phases, a white 
matrix and a gray dispersed pha.se. Knoop microhardness measurements 
were made on this thin layer and on the parent tungsten and U02. It 
was necessary to use a 5-gram load so that the microhardness impressions 
could be accommodated by the thin layer. The impressions obtained were 
not confined to just one phase of the layer but encompassed area,s of 
both gray and white phases. The microhardness of the white laxer, 557, 
fell between tha.t of tungsten, 338, and U02, 693. These microhardness 
measurements in combimtion with the structure and X-ray diffraction 
evidence indicate that the white layer is a mechanical mixture of U02 
and tungsten. Compa,rison of the after-test and the a.s-received hard- 
nesses of the parent materials did not indicate any significxnt change. 

The gray U02 supports a thin white la.yer that is approx- 

A typical photomicrograph of the tungsten crucible cross section 
The gray in the region of a, thread apex is presented a.s figure 5(a). 

material that can be seen to have penetrated this and other threads 
along grain boundaries was identified as UOz by electron-beam micro- 
analysis. 
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The results of the run with tungsten and U02 at 5500° F were 
essentially the same as those for the run at 5220° F, but one additional 
indication of reaction was found as shown in figure 5(b), a photomicro- 
graph of the crucible cross section in the bottom region at the inter- 
face of tungsten and molten UOz. The gray U02 (upper portion of the 
figure) contains several white droplets, all of which were too small 
for microhardness determination. These droplets are thought to be 
tung st en. 

From these results it appears that molten U02 attacks tungsten. 
The suggested reaction mechanism is the solution of tungsten in the 
mlten U02 while at the test temperature, followed by the precipitation 
of the dissolved tungsten at the U02 melt meniscus and within the U02 
melt during the cooling period. 

Similar results were reported in an investigation of the compati- 
bility of molten alumina with tungsten crucibles heated in vacuum and 
in argon (ref. 7). In both cases the alumina melt contained metallic 
tungsten, and alumina had penetrated the tungsten grain boundaries. 
Metallic tungsten was a l s o  found at the melt meniscus when the crucible 
was heated in argon. The reaction mechanism that was suggested in 
reference 7 involved the dissolution of a tungsten-bearing species by 
the intergranular attack of molten alumina on the tungsten. 
postulated that this tungsten-bearing species be in equilibrium with a. 
vapor that readily decomposes into tungsten metal and some other con- 
stituent. In vacuum, where the mean free path is large, the tungsten- 
bearing species and/or its decomposition products would be carried away 
and no tungsten film would form on the alumina melt meniscus. 
an inert atmosphere where the mean free path is small, the tungsten is 
reflected back to the melt surface where it precipitates. 

It was then 

But in 

Tantalum 

No new phase was found in the tantalum crucible cross sections by 
X-ray diffraction analysis. A reaction did occur, however, as evidenced 
by the condition of the crucible threads and the bottom a.s shown in 
figure 6. 
identified as metallic tantalum by electron-beam microanalysis. Knoop 
microhardness measurements were made on some of the la.rge white parti- 
cles in the U02 and on the parent tantalum a.nd U02. 
the parent U02 had not changed significantly, but the hardness of the 
parent tantalum had increased almost 80 percent over that of the mate- 
rial in the as-received condition. In turn, the white tantalum psrti- 
cles were more than 40 percent harder than the parent tantalum. 

The gray U02 contains several white particles that were 

The hardness of 
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One more observa t ion  i s  worthy of  note. Metallographic examina.tion 
of one of t h e  c r u c i b l e  c ros s  sec t ions  revea led  a . w h i t e  d e n d r i t i c  forma- 
t i o n  i n  t h e  gray U02 nea r  t h e  meniscus as shown i n  f i g u r e  7. 
d e n d r i t i c  formation would i n d i c a t e  a melt ing po in t  for t h e  whi te  mate- 
r i a l  above t h a t  of U02. 
dendr i t e s  as tantalum. 

This  

Electron-beam microanalysis  i d e n t i f i e d  t h e  

As  i n  t h e  case  f o r  t h e  t e s t s  wi th  tungs ten  and molten U02, a 
s o l u t i o n - p r e c i p i t a t i o n  type  of r e a c t i o n  mechanism i s  suggested. Another 
p o s s i b l e  mechanism i s  t h e  mel t ing  of tantalum as a. r e s u l t  of a. lowering 
of t h e  tantalum melt ing p o i n t  by s o l u t i o n  of oxygen. The melt ing p o i n t  
of columbium, t h e  s i s te r  element of tantalum, i s  lowered approximately 
200° F by a 1-percent  oxygen content  (ref. 3, p. 513). So lu t ion  of 
oxygen would expla in  t h e  inc rease  i n  t h e  hardness of t h e  parent  tantalum 
and t h e  s t i l l  h igher  ha.rdness of t h e  white  p a r t i c l e s ,  which are a.ssumed 
t o  be tantalum. It i s  r epor t ed  ( r e f .  3, p. 603) t h a t  s m a l l  amounts of 
oxygen increase t h e  hardness of tantalum considerably.  The oxygen 
could be a v a i l a b l e  for s o l u t i o n  as a r e s u l t  of t h e  p a r t i a l  decomposition 
of U02 a t  i t s  mel t ing  p o i n t  as r epor t ed  i n  r e fe rence  8. To make c e r t a i n  
t h a t  t h e  t r u e  melt ing p o i n t  of tanta.lum (5430O F, r e f .  4) wa.s not  
reached during t e s t ,  t h e  furnace- temperature  c a l i b r a t i o n  was checked 
and found t o  be  accurate .  A t e s t  run w a s  a l s o  made i n  which a tantalum 
specimen w a s  heated a lone  t o  t h e  t es t  temperature  of 5220° F; t h e r e  
were no s igns  of melting. 

Ta.ntalum Diboride 

The e n t i r e  U02 charges were consumed by r e a c t i o n  with t h e  TaBZ 
c ruc ib l e .  Reaction w a s  a l s o  i n d i c a t e d  from metal lographic  examination 
of t h e  pol i shed  c r u c i b l e  c ros s  sec t ions .  The c r u c i b l e  c ros s  s e c t i o n  
wi th  two TaB2 th reads  t h a t  have undergone some degradat ion i s  shown i n  
f i g u r e  8. I n  addi t ion ,  a second phase had appeared a t  t h e  gra.in bound- 
a r i e s .  

No uranium compound w a s  found by X-ray d i f f r a c t i o n  ana lyses  of t h e  
c r u c i b l e  c ros s  sec t ions ,  bu t  t h e r e  were some i n d i c a t i o n s  of t h e  presence 
of t r i - t a n t a l u m  t e t r a b o r i d e  (Ta3B4), which ind ica t ed  a lo s s  of boron. 
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L a t t i c e  parameter,  A: 
a 

C 

Boron s u b s c r i p t  

Fu r the r  evidence of boron l o s s  w a s  t h e  change i n  t h e  l a t t i c e  parameters 
of t h e  TaB2 phase. The X-ray d i f f r a c t i o n  analyses  were as fol lows:  

A s  rece ived  After t e s t  Theore t i ca l  

3.09 3.10 3.078 (ref.  4, p. 293) 

3.24 3.23 3.265 ( r e f .  4, p. 293) 

1. 9 1.8 2.0 

From t h e  t e n t a t i v e  equi l ibr ium diagram of t h e  t an ta lm-boron  system 
as proposed by Kieffer and Benesovsw i n  re ference  3 (p. 552) ,  t h e  t a n t a -  
I.um d ibo r ide  TaBlS9 when heaked t o  t h e  5220' F t e s t  temperature  would 
e n t e r  a l i q u i d  p lus  TaB2 region. 
r epor t ed  ( r e f .  9, p. 175) t h a t  would move t h e  d ibo r ide  composition toward 
t h e  tantalum-rich s i d e  of t h e  phase diagram. 
cool ing  from t h e  l i q u i d  p lus  TaB2 region enough boron had been l o s t  so  
t h a t  t h e  4750' F isotherm sepa ra t ing  t h e  l i q u i d  p lus  TaB2 region from t h e  
TaB2 p lus  Ta3B4 reg ion  i s  in t e r sec t ed .  This  i n t e r s e c t i o n  would result  i n  
t he  c o p r e c i p i t a t i o n  of Ta3B4 and TaB2 of t h e  l i m i t i n g  composition and 
expla in  t h e  presence of t h e  second phase i n  f i g u r e  8. 

Loss of boron while  hea t ing  has been 

It i s  proposed t h a t  on 

Microhardness measurements made on t h e  TaBZ c r u c i b l e  after t h e  
t e s t  were i n  agreement with t h e  values  before  t h e  test .  

I n  eva lua t ing  t h e  r e s u l t s ,  re fe rence  i s  made t o  t h e  f ind ings  of 
t h e  previous i n v e s t i g a t i o n  (ref. 1) i n  which it was found t h a t  TaB2 
r e a c t s  wi th  U02 a t  4000' F and above and r e s u l t s  i n  s l i g h t  adherence 
and t h e  formation of uranium d ibor ide  (TJB2). 
t i o n  w a s  s l i g h t  even a t  5000° F, TaB2 w a s  included i n  t h e  present  study. 
That no UB2 w a s  found by X-ray d i f f r a c t i o n  a n a l y s i s  of t h e  c r u c i b l e  

c ros s  s e c t i o n  i s  understandable  s i n c e  t h e  UBz formed would proba.bly evapo- 
r a , t e  r a p i d l y  a t  t h e  t e s t  temperature;  which i s  895' F above t h e  mel t ing  
po in t  of UB2, 4325' F ( ref .  10).  The r e a c t i o n  between molten U02 and TaB2 

Since  t h e  degree of reac-  
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at 5220° F can then be described as resulting in the formation of q, 
which is augmented by free boron evolved from the partial decomposition 
of the Ta,B2 phase. 

Tantalum Carbide 

Reaction between the TaC crucible and its molten U02 charge re- 
sulted in the complete consumption of the U02. 
was found by X-ray diffraction analysis of the crucible cross sections, 
but there was evidence that ca.rbon was lost from the Ta.C. A summary 
of visual observations, microhardness measurements, and X-ray diffrac- 
tion analyses is presented in the following table: 

No uranium compound 

Property 

Lattice parameter, A 

C-Ta atom ratio from 
lattice parameter 
values 

Color 

Experimental values 

As received 

4.455 

1.0 (ref. 11: 

1876 

Gold 

After t e s t  

-4.44 

-0.88 (ref. 11) 

3990 

Silver 

Literature values 

4.457 (ref. 11) 

1.0 (ref. 11) 

1952 (ref. 4, p. 120) 

Loss of carbon was indicated by a decrease in the lattice parameter of 
the TaC crucible material from 4.455 to approximately 4.44 angstroms. 
Such a decrease corresponds to a lowering of the atom ratio of carbon 
to tantalum from 1.0 to approximately 0.88 according to an investiga- 
tion on the variation of lattice parameter with carbon content of TaC 
(ref. 11). Such carbon losses with accompanying lattice contractions 
have been observed for TaC when it is hea.ted to high tempera,tures in 
1 atmosphere of helium (ref. 12). In the present case, somewhat grea.ter 
contractions in the lattice than those in reference 12 were obtained 
because perhaps of a lesser pressure of inert gas (400 compared with 
760 mm), which might be less effective in inhibiting the TaC decompo- 
sition. 

Accompanying the loss of carbon by the TaC crucible were color 
and microhardness changes. The TaC crucible lost its gold color, which 
is characteristic of tantalum carbides with carbon-tantalum atom ratios 
of 0.9 or greater (ref. 11, p. 1596) and became silver in color. The 
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Knoop microhardness more than doubled, increasing from 1876 to 3990 
kilograms per square millimeter. In a current investigation a.t the 
Lewis Center, substoichiometric tantalum carbides have exhibited much 
higher microha,rdnesses tha.n the stoichiometric carbide. 

As in the case for the TaB2, the previous results must be evaluated 
in the light of the findings of reference 1 in which TaC reacted with 
U02 at a temperature as low as 4500° F to form uranium carbide (UC). 
Since the rea.ction was not extensive, even at 5000' F, TaC was included 
in This study. The hypothesis advanced in the previous investigation 
is that the free carbon made available by the decomposition of Ta.C wa.s 
the coreactant in the formation of UC. 
in the present investigation would then result in accelerated rates of 
decomposition of TaC and formation of UC. The fact that no UC was 
found in the TaC crucible after the test is probably a result of the 
high evaporation rate of UC at the test temperature, which is 730" above 
the melting point of UC, 4490' F (ref. 4). 

The higher temperature employed 

Hafnium Carbide 

An amount of U02 remained in the HfC crucibles after testing that 
was compa.rable to that remaining in the tungsten and tantalum crucibles 
after testing. Some reaction did occur as evidenced by visual observa- 
tion of the crucibles during the test and by the physical-measurement 
methods. It is necessary to refer to the two HfC crucibles tested 
separately since the results of.their analyses are complementary. 

The first compatibility run was stopped after only 2 minutes at 
the test temperature of 5220° F because of a bubbling action at the 
surface of the molten U02, which was viewed by an optical pyrometer. 
such action was observed for the second run. 

No 

Metallographic examination of the crucible cross sections revealed 
a considerable quantity of white particles at the U02 meniscuses and 
within the U02 as shown in figures 9 and 10. 
of the U02 meniscus for the short-test-time crucible that is composed 
of white particles dispersed in a gray U02 matrix with a large area of 
gray U02 beneakh. 
thread apex region, respectively, of the full-test-time crucible. The 
meniscus in figure 9(b) contains somewhat larger wnite particles strung 
together, with more of these particles dispersed below the meniscus. 
Figure 10 shows a sawtooth structure tha.t developed at the thread 

Figure 9(a) shows a part 

Figures 9(b) and 10 show the U02 meniscus a.nd a. 



12 

Hf C Area 
crucible 

Short test Top of menis- 
time cus 

Full test Top of menis- 
time cus 

tom 

section 

Crucible bot - 

Crucible cross 

profile a.nd some white particles dispersed in the UO2. 
microanalysis of the numbered areas in figures 9(a) and 10 are given 
in the following table: 

Electron-beam 

Phase detected 

Ma.jor Secondary Minor 
(>> 10 percent) (=lo percent) (<< 10 percent) 

UOz, HfC, UBq HfB2, UC HfO2 

---- Hf C uo2 

-------- ---- HfC, HfE2 

Hf C Hf BZ -------- 

I Figure 1 Area I Identification I 
1 
z 
3 
4 
5 

Hf C 

Hf C 
Hf C 

uo2 

UOz-Hf 
(85 wt. percent U, 5-10 wt. percent Hf) 

1 
2 
3 

4 

H E  
UO2 
UOZ-Hf 

(65 w t .  percent U, 25 wt. percent Hf) 
Hf C 

In figure 9(a) the small white particles in the meniscus band and the 
thin layer separating the band €rom the remainder of the U02 below 
(areas 1, 3, and 4) are identified as HfC. Although there appear to 
be two phases making up the thin layer,  only HfC was reported for both 
the top and the bottom. Areas 2 and 5, as expected, are identified as 
UOzj however, area 5 contains 5 to 10 weight percent hafnium in solution. 
For figure 10, the results were the same; areas 1 and 4 were identified 
as HFC, while areas 2 and 3 were identified as U02, the latter contained 
25 weight percent hafnium. 

X-ray diffraction analyses were run on the meniscus surfaces of 
segments of U02 broken out of the crucible cross sections and on a 
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For t h e  sho r t - t e s t - t ime  run, U02, H f C ,  and UB4 phases have been Pound 
as major, HfB2 and UC phases as secondary, and hafnium dioxide ( H f 0 2 )  
as a minor phase on t h e  U02 meniscus. For t h e  f u l l - t e s t - t i m e  run, only 
HfCl was found as a major phase on t h e  U02 meniscus, and U02 was present  
a s  a secondary phase. 
phase i n  add i t ion  t o  H f C ,  and i n  t h e  parent  H f C  c ruc ib l e  c ross  sec t ion ,  
HfB2 was found a s  a minor phase. 

On t h e  c ruc ib l e  bottom, HfB2 was found a s  a major 

Although chemica.1 ana. lysis  i nd ica t ed  t h e  presence of 0..72 percent  
boron i n  t h e  s-ta.rting H f C  c ruc ib le ,  X-ray d i f f r a c t i o n  a n a l y s i s  and 
metal lographic  examina.tion d i d  not  i n d i c a t e  t h e  presence of any second 
phase. The t e s t  run, however, apparent ly  r e s u l t e d  i n  t h e  for.ma.tion of 
HfB2 as evidenced by t h e  pDst - tes t  X-ray a.nalyses given i n  t h e  previous 
t a b l e  and by metal lographic  examination of t h e  c ruc ib l e  c ros s  sec t ions .  
I n  f i g u r e  10 can be seen a. second phase of s m a l l  whi te  gra.ins a.t t h e  
HTC gra.in boundaries and wi th in  t h e  H f C  g ra ins .  A compa.rative measure- 
ment w a s  ma.de of t h e  a r e a  occupied by t h e  white  pha.se, and i f  it i s  
assumed t o  be HfB2,  it i s  equiva.lent t o  4.5 weight percent.  This value 
i s  comparable t o  t h e  6.7 weight percent  HfBZ computed, i f  complete 
r e a c t i o n  o f  t h e  o r i g i n a l  0 .72  percent  boron content  i s  assumed. It has 
been shown tha. t  r ega rd le s s  of t h e  proport ions i n  which t i t an ium or 
zirconium i s  mixed with boron and ca.rbon, t h e  mixture when hea.ted below 
5160° F will a.lwa.ys conta in  t h e  d ibor ide  of t h e  r e spec t ive  metal  a.t t h e  
expense of a. ca.rbide phase ( r e f .  13, p. 395).  Since hafnium i s  i n  t h e  
same pe r iod ic  group as t i t an ium and zirconium, it may be assumed t o  
ha,ve rea.cted s i m i l a r l y ,  as i s  indica. ted by t h e  compat ib i l i ty  rm. 

Microhardness measurements were made on t h e  parent  c ruc ib l e  make- 
r i a .1  and on pa.rent UO2 and ind ica t ed  t h a t  while  t h e  H f C  hardness had 
not  changed, t h e  hardness of t h e  UOz had doubled. This increa.se may be 
explained by t h e  s o l u t i o n  of hafnium o r  a hafnium compound i n  t h e  U02 
a s  determined by t h e  electron-beam microanalysis .  Attempts t o  measure 
t h e  microhardness of t h e  white p a s t i c l e s  i n  t h e  UOz and t h e  second pha.se 
i n  t h e  H f C  were unsuccessful  because t h e  indenta , t ions obtained were asym- 
met r ica l .  The second phase, however, d i d  appear ha.rder than  t h e  H f C  
ma.t rix. 

I n  eva lua t ing  t h e  r e s u l t s ,  re fe rence  i s  again made t o  t h e  f ind ings  
31” r e fe rence  1. It w a s  determined t h a t  U02 and HfB2 r e a c t  ex tens ive ly  
a t  4700’ F t o  form a l i q u i d  phase i n  which only t h e  o r i g i n a l  ma te r i a l s  
can be de t ec t ed  by X-ray d i f € r a c t i o n  ana lys i s .  I n  comparison, H f C  w a s  
completely i n e r t  toward U02 up t o  5000° F. For t h e  present  case then,  
some r e a c t i o n  can be expected between t h e  molten U02 and t h e  HfBZ t h a t  
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formed i n  t h e  HfC c ruc ib l e .  This r e a c t i o n  may be respons ib le  f o r  t h e  
s o l u t i o n  of hafnium i n  t h e  molten UOz c r e a t i n g  a H f C  c r u c i b l e  su r face  
condi t ion  such as shown i n  f i g u r e  10. 

The bubbling d is turbance  noted at t h e  molten UOz su r face  of t h e  
f i r s t  run i s  a t t r i b u t e d  t o  t h e  7.4-percent po ros i ty  of t h i s  s h o r t - t e s t -  
t i m e  c r u c i b l e  compared wi th  t h e  1.7-percent  p o r m i t y  of t h e  f u l l - t e s t -  
t i m e  c ruc ib le .  Because of t h i s  poros i ty ,  t h e  ex ten t  of t h e  molten 
UO2 - HfTQ r e a c t i o n  would be g r e a t e r  ard a l a r g e r  qua.nt i ty  of r e a c t i o n  
products  would be evolved, which w m l d  account f o r  t h e  bubbling a t  t h e  
molten UO2 sur face .  
stopped, some of t h e  r e l a t i v e l y  low-melting-point, high-vapor-pressure 
r e a c t i o n  products,  uranium tetrabori .de (UBq) and UC were r e t a ined .  
Thei r  absence a t  t h e  UO2 meniscus of t h e  l ess  porous c r u c i b l e  i s  then  
t h e  r e s u l t  of l e s s  react ion-product  formation and t h e  complete vapori-  
z a t i o n  of what d i d  form. 

S ince  t h e  t e s t  involv ing  t h e  porous c r u c i b l e  was 

CONCLUDING REMARKS 

From t h e  inves t iga , t i on  of  t h e  compa t ib i l i t y  of ura.nium dioxide  with 
tungsten,  tantalum, tantalum dibor ide ,  tantalum carbide,  and hafnium 
carbide,  it appears  t h a t  n e i t h e r  tantalum d ibor ide  nor tanta.lum carb ide  
would be f e a s i b l e  as a component i n  a nuc lear  r e a c t o r  f u e l  element where 
t h e r e  would be  con tac t  with molten uranium dioxide.. 
tantalum, and ha,fnium ca rb ide  f o r  some l i m i t e d  t i m e ,  however, does seem 
t o  be  poss ib le ;  tungs ten  i s  t h e  most l i k e l y  candidate.  It should be 
remembered t h a t  t h e  d a t a  r epor t ed  he re in  are f o r  mater ia . l s  of a given 
a n a l y s i s  and t h a t  t h e  tes ts  were conducted under c e r t a i n  f i x e d  condi- 
t i o n s .  Possibly,  a t  lower temperatures  and h ighe r  p re s su res ,  t h e  
r e a c t i o n s  would be less  severe.  Las t ly ,  t h e  boron impur i ty  i n  t h e  
hafnium ca,rbide a.ppears t o  be p a r t l y  r e spons ib l e  f o r  t h e  molten uranium 
dioxide  - hafnium ca rb ide  r eac t ion ,  and a h igher  p u r i t y  carb ide  may we l l  
be  more compatible with molten ura,nium dioxide.  

The use  of tungsten,  

Lewis Research Center  
Nat iona l  Aeronautics and Space Adminis t ra t ion 

Cleveland, Ohio, August 21, 1962 
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AppEmrx - METHOD OF ELECTRON-BEAM MICROANALYSIS 

The concent ra t ion  determinat ions were performed by Advanced Metals 
Research Corporation, Somerville,  Massachusetts with t h e  AMR e lec t ron-  
beam microa.nalyzer. A beam of e l e c t r o n s  i s  acce le ra t ed  wi th  a high 
p c t e n t i a l  a.nd focused by means of e lectromagnet ic  l e n s e s  t o  a d i a n e t e r  
of about 1 t o  '2 microns a t  t h e  su r face  of t h e  specimen t o  be examined. 
A s  i n  an X-ray tube,  t h e  specimen w i l l  a c t  as a primary source of 
X-rays c h a r a c t e r i s t i c  of t h e  elements exc i t ed  by t h e  e l e c t r o n  beam. A 
chemical a n a l y s i s  of t h e  exc i t ed  area i s  a f forded  by a n a l y s i s  of t h e  
c h a r a c t e r i s t i c  X-ray l i n e s  by means of a s i n g l e - c r y s t a l  X-ray spectrom- 
e t e r .  

A curved mica-crys ta l  focusing goniometer employing a helium pa th  
and a f low-propor t iona l  counter  wa.s s e t  up t o  record  t h e  c h a r a c t e r i s t i c  
X-ray l i n e s  of t h e  c r u c i b l e  m a t e r i a l s  and uranium dioxide.  Elements 
below atomic number 11 were not  analyzed f o r  i n  t h i s  case because of 
t h e  d i f f i c u l t i e s  i n  d i spe r s ing  or d i f f r a c t i n g  t h e  long wavelength 
rad ia . t ion  r e s u l t i n g  from t h e i r  exci ta . t ion.  Therefore, f o r  t h e  hafnium 
ca,rbide c r u c i b l e  and for any uranium dioxide  analyses ,  only t h e  hafnium 
2nd uranium m e t a l  c h a r a c t e r i s t i c  X-ray l i n e s  were recorded. 

A typica.1 a n a l y s i s  was performed a.s fol lows:  The e l e c t r o n  beam 
w a s  pos i t i oned  on t h e  c r u c i b l e  matrix and t h e  spectrometer  a l i n e d  f o r  
a c h a r a c t e r i s t i c  X-ray Line of t h e  spectrum produced. Then t h e  beam 
w a s  pos i t i oned  on each of t he  a reas  t o  be examined, while  t h e  a v a i l a b l e  
in - t ens i ty  wa.s recorded on a. char t .  The beam w a s  then  pos i t ioned  on t h e  
uranium dioxide  melt ,  a.nd t h e  spectrometer  was d i n e d  f o r  a charac te r -  
i s t i c  uranium l i n e  of t h e  spectrum produced. The beam was aga in  pos i -  
t i oned  on each of t h e  a reas  t o  be examined, while  t h e  a .vai lable  
i n t e n s i t y  wa.s recorde,d OP a. char t .  The ca l cu la t ed  concent ra t ions  for 
t h e  cases  i n  which a.l loying ha.d occurred (HfC-UOZ) are taken from 
t heo re t i ca .1  c a l c u l a t i o n s  t h a t  involve  t h e  l i t e r a t u r e  values  f o r  absorp- 
t i o n  c o e f f i c i e n t s  of t h e  wavelengths measured. These ca l cu la t ions ,  i n  
genera l ,  are only p r e c i s e  t o  +10 percent  of t h e  amount present .  
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Crucible  
mater i a1 

Tungsten 

Tantalum 

Tantalum 
dibori.de 

Tantalwn 
ca rb ide  

H a f  nium 
carb ide  

T B L E  11. - KNOOP MICROHARDNESS 

FOR AS-IIECEIVED MATERIALS 

Material 

W 

Ta 

TaB2 

TaC 

Hf C 

UO2 

M i  c ro  ha.rdne s s , 
kload i n  grams, 

k g h  - 

TABLE 111. - MATERIAL DATA 

Theoret i c a1 
c r u c i b l e  
d e n s i t y  , 
percent  

98.2 

98.2 

92.1 

95.2 

98.3 

Powder 
p a r t  i c l e  

s i z e ,  
microns 

3.8 

1.7 

3.0 

Hot-pressing condi t ions  

Temperature, 
OF 

Pre s sure,  
lb / sq  in.  

4350 

4350 

4350 

T i m e  , 
min 

-- 

-- 

30 

30 

30 
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( a )  Overall view. 

Figure 2. - Compatibility apparatus. 
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h Prism 
Prism cover cont ro l  

Upper tungsten Water ou t l e t  
d i sk  radiation- 

,- Induction c o i l  

Refractory 
crucible 

Lower tungsten 
d isk  rad ia t ion  
sh ie ld  assembly- 

To vacuum pumps 

Susceptor , (length, 3 in.; 

\ diam., 11. i n . )  
2 \ 

tungsten 
platform 

(b) Schematic of furnace. 

Figure 2. - Concluded. Compatibility apparatus. 
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Figure 3. - Cross section of tungsten crucible with 
uranium dioxide contents. X4.6. 
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(a) Thread apex region; etchant, potassium hydroxide p lus  potassium 
ferricyanide; X500. 

Figure 5. - Photomicrograph of cross section of tungsten crucible. 
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(b) Bottom region; unetched; X150. 

Figure 5. - Concluded. Photomicrograph of cross section of tungsten crucible. 
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Figure  8. - Photomicrograph of c ros s  s e c t i o n  of tantalum dibor ide  
c r u c i b l e  th read  region; e tchant ,  n i t r i c  a c i d  p lus  hydrof luor ic  
ac id ;  X100. 
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Figure 10. - Photomicrograph of cross section of full-test-time hafnium carbide 
crucible at thread apex region; etchant, nitric acid p l u s  hydrofluoric acid; 
XlOO. 
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